Abstract The majority of terrestrial plant roots are colonized by arbuscular mycorrhizal (AM) fungi that, in exchange for carbon, provide plants with enhanced nutrient uptake -most notably inorganic phosphate (P i ). To mediate the uptake of P i from the soil, AM fungi possess high affinity inorganic phosphate transporters (PTs). Under laboratory conditions, P i concentrations have been shown to regulate AM fungal-specific PT gene expression. The relationship between PT expression and P i in the field remains unexplored. Here we quantify AM fungal-specific PTs from maple tree roots in situ. In an effort to limit edaphic parameters, root samples were collected from manipulated forested plots that had elevated soil P i availability, either through direct P i application or elevating pH to lower exchangeable aluminum. The aim of the study was to examine AM fungal-specific PT gene expression both prior to and following soil P i amendment; however, a direct correlation between soil P i concentration and PT gene expression was not observed. PT transcripts were detected to a greater extent under elevated pH and, while our results are confounded by an overall low detection of PT genes (23 % of all samples collected), our findings raise interesting questions regarding the role of soil pH on PT function. Our study is a first step in understanding how edaphic properties influence PT expression and plant P acquisition in mature tree roots.
Introduction
Arbuscular mycorrhizal (AM) fungi form a symbiotic relationship with plant roots whereby AM fungi receive carbon in exchange for supplying the plant with nutrients, particularly inorganic phosphorus (Smith and Read 2008) . The cellular mechanism of inorganic phosphate (hereafter, BP i^) transport from the soil to the AM fungi and ultimately to the plant are beginning to be understood (Karandashov and Bucher 2005; Bucher 2007; Javot et al. 2007) . AM fungi are important for plant P i acquisition, as the mycorrhizal uptake pathway has been shown to supply plants with more P i than direct root uptake (Pearson and Jakobsen 1993; Smith et al. 2003 ). The transfer of P i from soil into the extraradical hyphae of the AM fungi is believed to be mediated by high affinity inorganic phosphate transporters (PTs) (Karandashov and Bucher 2005; Plassard and Dell 2010) , and to date AM fungalspecific PTs have been identified in three species from the Glomeromycota: Rhizophagus irregularis (formerly Glomus intraradices; Maldonado-Mendoza et al. 2001) , Funneliformis mosseae (formerly G. mosseae; Benedetto et al. 2005) , and G. versiforme (Harrison and van Buuren 1995;  which is possibly Diversispora epigaea -see Schüßler et al. 2011) . Studies on AM fungal-specific PTs have suggested an up-regulation of expression in extraradical Electronic supplementary material The online version of this article (doi:10.1007/s13199-016-0448-1) contains supplementary material, which is available to authorized users.
hyphae when P i availability is low (Maldonado-Mendoza et al. 2001; Benedetto et al. 2005; Olsson et al. 2006 ) and the same pattern was also shown for the ectomycorrhizal fungus, Hebeloma cylindrosporum (van Aarle et al. 2007; Tatry et al. 2009 ). However, these studies of mycorrhizal PTs have been done in a laboratory setting under artificial conditions (Maldonado-Mendoza et al. 2001; Benedetto et al. 2005; Olsson et al. 2006; van Aarle et al. 2007 ); thus, the response of PTs to changing P i concentration in field conditions is, to our knowledge, unknown.
This study was designed to explore the relationship between soil P i availability and AM fungal PT gene expression on mature trees in a natural environment and to investigate whether these relationships are similar to those observed under laboratory conditions. Here, we use a novel approach to detect PT genes and to quantify their expression in situ under field conditions with mature trees, whereas most studies to date have conducted these experiments under artificial laboratory conditions as noted above. We sampled roots and soil from an existing ecosystem-level manipulative experiment where soil P i availability was experimentally elevated 2-3 times above ambient by direct application of triple super phosphate (TSP), or was indirectly elevated by increasing soil pH by~1-1.5 units and, thus, lowering the concentration of exchangeable aluminum Kluber et al. 2012) . AM fungal PT gene expression was profiled with quantitative PCR (qPCR), since this technique is sensitive for detecting gene transcripts in low abundance (Kozera and Rapacz 2013) .
Materials and methods
Site description Samples were collected from 12 plots (40 × 20 m) located in a mature (i.e. >100 years old) temperate deciduous forest (41°36′44″N, 81°19′15″W). The overstory of this forest is currently dominated by the tree species Acer saccharum, A. rubrum, Quercus rubrum, Q. alba, and Fagus grandifolia, while the understory consists primarily of Acer saccharum seedlings and saplings. There is a sparse covering of herbaceous species, including Podophyllum peltatum (mayapple) and Arisaema triphyllum (jack-in-the-pulpit). Plots were assigned to one of four treatments: elevated P, elevated pH, elevated pH + P, or an untreated control. In 2009, treated plots received either a direct application of triple super phosphate (TSP) to elevate soil P i availability or crushed limestone (lime) to increase soil pH, or both in combination for the elevated pH + P treatment. To maintain treatments, the elevated P and elevated pH + P plots received TSP (The Andersons, Maumee, OH, USA) at a rate of approximately 42 kg P ha −1 in 2010 prior to our sampling and an additional 34 kg P ha −1 in spring 2011. In 2009 the elevated pH and elevated pH + P plots received 11.4 Mg ha −1 of Hi-Ca lime (The Andersons, Maumee, OH, USA). The initial and subsequent annual lime additions were calculated to maintain soil pH above 5.5 because at this pH the solubility of exchangeable aluminum is significantly decreased and may relieve acid-induced P limitation (Thomas and Hargrove 1984) . The control plots did not receive any amendments at any time. The 12 plots used for the current study were located within one block of a larger experiment designed to examine responses of trees and soil microbes to changes in soil pH and P i availability. The larger experiment consists of 6 blocks and 72 plots total. At each block were 12 plots with three replicates of the four treatments ( Fig. S1 ; see DeForest et al. (2012) for more detail, specifically site G2 described in Table 1 , which is the site used for the current study).
Root sampling and soil analysis Two sets of tree root samples were collected from the 12 plots to be screened for PT genes: 1) preliminary samples used for methods development, and 2) time course samples to examine the relationship between soil P i availability and PT induction. Preliminary samples were collected in the fall of 2010 and are the same as the AM fungal root samples collected and used for genomic DNA extraction in Kluber et al. (2012) . Briefly, within each field plot, ten 4-cm diameter soil cores were collected to a depth of 5 cm and 1 m from the base of a randomly selected tree that was greater than 6 cm diameter at breast height (DBH). Cores were composited and sieved to 2 mm to separate roots from bulk soil. Roots were washed and AM fungal roots (fresh, non-woody roots from arbuscular mycorrhizal trees -mainly Acer spp.) were separated from EcM fungal roots (fine roots with visible ectomycorrhizal root tips), and woody roots (no AM or EcM fungal colonization, all diameter sizes included); herbaceous roots were removed. AM fungal roots were freeze dried and used for genomic DNA extraction with a standard phenol-chloroform extraction as described in Kluber et al. (2012) . Time course samples were collected on 23 May, 1 June, 8 June, and 22 June of 2011 using 4-cm diameter soil cores to a depth of 5 cm. Within each plot, samples were taken approximately one meter from the base of four randomly selected sugar maple (Acer saccharum) trees that were ≥6 cm DBH. Sugar maple trees were selected because they form associations with AM fungi, were present in all plots, and made up a large proportion of the tree basal area for the forest (relative dominance = 68.1 %; site G2 of Table 1 in DeForest et al. 2012) . Additionally, the fine root morphology of sugar maple trees is easily distinguishable from other tree species (Pregitzer et al. 2002) , ensuring that only sugar maple roots were processed. The sampling dates coincided with the TSP application in May of 2011 such that they were one day prior to TSP application, then 7, 14, and 28 days post-TSP application to examine the relationship between PT induction and soil P i concentration in a field setting. Soil and root samples were immediately processed in the field. First, soil cores were composited at the plot-level and sieved to 4-mm to separate roots from bulk soil. Samples of bulk soil were then transferred into 15 mL polypropylene tubes and whirlpack bags (one of each per plot). Roots were gently shaken to remove loose soil, but not the adhered rhizosphere soil, then transferred to a cutting board and homogenized with a knife, placed in 15 mL polypropylene tubes, and flash frozen in liquid nitrogen to stop biological activity. All field samples were kept on dry ice and transported to the lab (no more than three hours). Once in the lab, sub-samples of bulk soil from the whirlpack bags were immediately weighed and dried in a 60°C oven, while all other soil and root samples were stored at −70°C until use. The oven-dried soil samples were dried for 48 h and used to determine soil pH with an Oakton pH meter (pH 510 series; Oakton Instruments, Vernon Hills, IL, USA) by mixing soil with distilled water in a 2:1 ratio (Robertson et al. 1999 ). Inorganic phosphorus (P i ) was measured in frozen soil samples kept at −70°C in polypropylene tubes no longer than two months using a sodium bicarbonate extraction (Olsen et al. 1954 ) and the colorimetric ascorbic acid technique (Olsen and Sommers 1982) . P i concentrations were measured spectrophotometrically with a UV160U UV Visible Recording Spectrophotometer (Shimadzu Corporation, Kyoto, Japan).
Primer selection and testing The primers P6R and P4R (Sokolski et al. 2011 ) were selected to screen for PT genes in our root samples using both PCR on genomic DNA (both preliminary samples and time course samples) and quantitative qPCR on cDNA (i.e., RT-qPCR; time course samples). These primers (P6R and P4R) were originally used as reverse primers to amplify a large region of the PT coding sequence (Fig. S2) . However, because our ultimate goal was to use qPCR to assess gene expression, we used the reverse sequence of P6R (hereafter BP6RFor^) as our forward primer and the P4R primer as our reverse primer to amplify a 179 bp fragment of the AM fungal-specific PT gene (Fig. S2 ). We chose these primers because they had been screened against a Glomeromycota culture collection and, in conjunction with their original forward primers, amplified PT genes from a number of AM fungal species (Sokolski et al. 2011 ). In the initial stages of our experimental design, additional primer combinations for PT genes (Harrison and van Buuren 1995; Maldonado-Mendoza et al. 2001; Benedetto et al. 2005; Sokolski et al. 2011 ; Table S1 ) were tested against DNA extracts from roots that had been inoculated with pure AM fungal cultures (either R. irregularis, F. mosseae or Acaulospora sp.). The only primer set to amplify a fragment of the correct size from these root extracts was the P6RFor/P4R primer set. Consequently, we focused our work on these primers since they also successfully amplified PT genes from the preliminary samples. The P6RFor/P4R primer set was first tested on preliminary samples consisting of a subset of genomic DNA obtained from AM fungal roots previously used to examine the AM fungal community colonization within this forest (Kluber et al. 2012 ). For the current study, these preliminary samples were used to ensure specificity of the P6RFor/P4R primer set. AM fungal roots were lyophilized and ground in liquid nitrogen with a mortar and pestle prior to DNA extraction. Genomic DNA was extracted with a standard bead beating and phenol/chloroform procedure (Burke 2008) . Partial PT genes were PCR-amplified in 25 μl reactions containing 1 unit of GoTaq® DNA Polymerase (Promega Corporation, Madison, WI), 1X GoTaq® Flexi buffer, 2 mM MgCl 2 , 200 μM of each dNTP, 0.5 μg/μl bovine serum albumin, 0.2 μM of each primer, and 1 μl of template DNA. Thermal cycling conditions involved an initial denaturation at 94°C for four min, 40 cycles of 94°C for 30 s, 55°C for 60 s, and 72°C for 90 s, and a final extension of 72°C for five min (modified from Sokolski et al. 2011) . Four of the 12 preliminary root samples had positive PCR products (Fig. S3 ). Gel extraction and cloning of the positive PCR reactions were done with the Wizard® SV Gel and PCR Clean-Up System (Promega) and the pGEM®-T Easy Vector System (Promega), respectively, as described by Kluber et al. (2012) . Plasmids were purified with the Wizard® Plus SV Minipreps DNA Purification System (Promega) following the manufacturer's protocol. Sequencing with the SP6 plasmid primer was conducted as described in Kluber et al. (2012) at the Life Science Core Laboratories Center (Cornell University, Ithaca, NY, USA). The sequences were checked for quality and trimmed to remove primers in BioEdit, version 7.1.11 (Hall 1999) , and the resulting 24 sequences were screened against the nonredundant protein sequence (nr) database at the NCBI site with a blastx that excluded uncultured organisms. All 24 sequences are available through the EMBL/Genbank/DDJB databases under accession numbers HG380725-HG380748.
RNA isolation and reverse transcription Sub-samples of time course sample roots (12 plots over four time points for 48 total samples) were used for RNA extractions, but were not washed, thus allowing adhering rhizosphere soil to remain in the frozen sample. Fungal extraradical hyphae have been shown to display high levels of PT expression (Harrison and van Buuren 1995) and we did not want to remove a zone of potentially high activity from our samples. Total RNA was extracted from between 462 and 972 mg of root tissue using a standard phenol/chloroform procedure and cDNA was generated using random primers (Roche Applied Science, Indianapolis, IN, USA). Two replicate root sub-samples were weighed (approximately 300-500 mg in each) from each frozen field sample into 1.5-ml bead beating tubes and total nucleic acids were extracted as described in Burke (2008) , except that the pH of the phenol used was 4.3 to optimize for the extraction of RNA. Briefly, root samples were beaten on a Precellys homogenizer (Bertin Technologies, Montignyle-Bretonneux, France) at 6500 rpm for 90 s in the presence of cetyltrimethylammonium bromide (CTAB). Nucleic acids were then purified from approximately 500 μl of extractant with a phenol/chloroform procedure followed by precipitation with polyethylene glycol 8000 (20 %) on ice for 1 h (Burke et al. 2002) . The two replicate extracted nucleic acid samples were dried in a Vacufuge™ vacuum concentrator (Eppendorf, Hauppauge, NY, USA) and each re-suspended in 100 μl of nuclease free water (Fisher Scientific, Pittsburgh, PA, USA), from which 86 μl were mixed with 4 units of RQ1 RNase free DNase and 1X RQ1 DNase buffer (Promega Corporation, Madison, WI, USA) and incubated at 37°C for 30 min to degrade DNA. The two replicate DNase-treated samples from each plot were then combined for a 200 μl RNA sample. Total RNA was then isolated from this combined DNase-treated sample with phenol/chloroform purification and precipitated with ethanol and sodium acetate at −70°C. Reverse transcription of the isolated RNA was done with Superscript™ II Reverse Transcriptase (Life Technologies Corporation, Carlsbad, CA, USA) by following the manufacturer's protocol for random primers. The random hexamers used were from Roche Applied Science (Indianapolis, IN, USA). Finally, cDNA samples were purified with chloroform/isoamyl alcohol (24:1), precipitated with ethanol and sodium acetate, suspended in 20 μl of Tris-EDTA buffer, and stored at −20°C until use.
PCR and qPCR
The phenol/chloroform extractions on the time course samples yielded three fractions: genomic DNA (two replicates from each of the 48 samples), total RNA, and cDNA (Fig. S4 ). All three fractions from the RNA isolation/ cDNA creation (extracted nucleic acids, DNase-treated RNA, and cDNA) were used as template for PCR with the P6RFor/ P4R primer set to screen for presence of PT genes (Fig. S4) . PCR reagent and cycling conditions were as described above for the preliminary samples. The cDNA was also used as template in qPCR using the same primer set on a MiniOpticon™ real-time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Reactions for qPCR were run in triplicate. The 25 μl qPCR reactions contained 1X Sso Advanced™ SYBR® Green Supermix (Bio-Rad), 0.2 μM of each primer, and 1 μl of cDNA template. Thermocycling conditions were 95°C for 4 min, 45 cycles of 95°C for 30 s, 55°C for 60 s, and 72°C for 90s with plate reads after every 72°C step. Specificity of the qPCR reactions was determined with melt curves (60°C -95°C) and by running the reactions on a 2 % agarose gel. Gene expression was determined by comparing the quantification cycle (C q ) of the cDNA samples to standard curves using the CFX Manager™ software, version 2.0 (Bio-Rad). The C q was determined manually for each qPCR run to optimize the reaction efficiency (range of 93.7 % -100.2 %) and r 2 (range of 0.991-0.998). Standard curves were created from plasmids transformed with the PCR product of interest by quantifying with the Quant-iT™ PicoGreen® dsDNA Reagent and Kits (Life Technologies Corporation, Carlsbad, CA, USA and Molecular Probes, Inc., Eugene, OR, USA) on a Synergy™ HT Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA). The standard curve included seven points ranging from 1,000,000 copies to 1 copy. Expression of the PT gene was normalized by dividing the starting quantity of PT transcripts by the starting quantity of 18S transcripts as a reference gene, as described in Sharkey et al. (2004) .
The AM fungal-specific primers AMG1F (Hewins et al. 2015) and AM1 (Helgason et al. 1998 ) were used to PCRamplify partial 18S genes in both the extracted nucleic acids and the cDNA. PCR and RT-qPCR with the AMG1F/AM1 primer set 1) served as an internal control to determine whether extraction of nucleic acids and creation of cDNA had been successful and 2) allowed for an estimation of AM fungal 18S gene expression and community composition in the active community (i.e., cDNA). The following conditions were used for PCR amplification of partial AM fungal 18S genes: 25 μl reactions containing 1 unit of GoTaq® DNA Polymerase, 1X GoTaq® Flexi buffer, 2 mM MgCl 2 , 200 μM of each dNTP, 0.5 μg/μl bovine serum albumin, 0.2 μM of each primer, and 0.5 µl of template DNA with thermal cycling conditions of an initial denaturation at 94°C for four min, 35 cycles of 94°C for 30 s, 62°C for 60 s, and 72°C for 90 s, and a final extension of 72°C for five min. PCR and thermal cycling conditions for RT-qPCR with the AMG1F/AM1 primer set were similar to those described above for the P6RFor/P4R primer set except the annealing temperature was 62°C, the reactions cycled 30 times, and 0.5 μl of template was used. Reaction specificity, gene expression determination, and standard curve preparation (range of 1,000,000 to 100 copies) were as described above. The C q was determined manually for each qPCR run to optimize the reaction efficiency (range of 99.9 % -100.2 %) and r 2 (range of 0.993-0.996). Gene transcripts were expressed per gram of dry root tissue to compare between samples. We scored qPCR reactions as positive if they had a product in at least two of the three replicates.
Cloning and sequencing To sequence the partial PT products, all positive RT-qPCR reactions (10 reactions total) with the P6RFor/P4R primer set were combined prior to cloning. For sequencing partial AM fungal 18S products, all positive RT-qPCR reactions (all 48 reactions were positive) were combined based on pH treatment with limed plots (elevated pH and elevated pH + P) and unlimed plots (elevated P and control) combined separately in order to examine pH treatment differences.
The combined positive reactions were gel extracted with the Wizard® SV Gel and PCR Clean-Up System (Promega Corporation, Madison, WI). The gel extracted product was ligated and transformed with the QIAGEN® PCR Cloning Kit (QIAGEN Inc., Valencia, CA, USA) and the pDrive Cloning Vector (QIAGEN) using a 7-8:1 insert:vector ratio. Plasmids were purified with the Wizard® Plus SV Minipreps DNA Purification System (Promega) and used for direct sequencing with plasmid primer T7 or SP6 as described in Kluber et al. (2012) . The sequences were checked for quality and trimmed to remove primers and regions of poor quality in BioEdit, version 7.1.11 (Hall 1999) .
The resulting 41 partial PT sequences from the time course samples were aligned with a CLUSTAL W multiple alignment (Thompson et al. 1994 ) along with known PT genes to use as a reference for the alignment (see Fig. S5 ) and clustered into OTUs at 99 % similarity using mothur, version 1.35.1 (Schloss et al. 2009 ). Within mothur, uncorrected pairwise distances between the aligned sequences were calculated with the pairwise.seqs command and the sequences were clustered into OTUs with the cluster command. The sequence with the smallest distance to all other sequences in the OTU was selected as a representative and screened against the nonredundant protein sequence (nr) database at the NCBI site with a blastx that excluded uncultured organisms. The 41 sequences are available through the EMBL/Genbank/DDBJ databases under accession numbers HG380679-HG380723.
For the AM fungal partial 18S sequences, the resulting 95 sequences were clustered into OTUs at 97 similarity using mothur as described above. Reference sequences for aligning with CLUSTAL W were 25 18S sequences that were the top matches when each sequence was individually compared to the EMBL/Genbank/DDBJ databases with a blastn that excluded uncultured organisms. A representative sequence from each OTU was screened against the EMBL/Genbank/DDBJ databases at the NCBI site with a blastn with uncultured organisms excluded. All 95 sequences are available through the EMBL/Genbank/DDBJ databases under accession numbers LN890358 -LN890452.
Statistical analysis Statistical analyses were performed only on data collected from the time course samples. The pH and P i measurements in bulk soil, as well as the partial 18S gene expression in roots, were compared between plots with two way ANOVAs using treatment and date as factors and the Holm-Sidak multiple comparison test. Data were untransformed, as they met equality of variance requirements. Pearson correlation coefficients were also calculated to evaluate the linear relationship between PT gene expression and soil pH or P i . All statistical analyses were conducted in SigmaStat, version 3.5 (Systat Software Inc.). Graphs were constructed in SigmaPlot, version 10.0 (Systat Software Inc.) and gel images were captured with VisionWorksLS, version 5.5.4 (UVP Inc.).
Results
Preliminary samples The preliminary samples consisted of AM fungal roots that were washed and freeze dried prior to nucleic acid extraction. These root samples were collected in 2010 from 12 forested plots that were divided into four treatments: elevated P, elevated pH, elevated pH + P, and untreated control. Nucleic acid extracts from the preliminary samples were used to test the specificity of the primer set P6RFor and P4R (Fig. S2) . PCR amplification from the preliminary sample extracts revealed that P6RFor and P4R amplified a fragment of the correct size (179 bp; Fig. S3 ). Sequenced clones from the positive PCR reactions revealed that the amplified fragments aligned with known AM fungal PT gene sequences, with some sequence variability, particularly at base positions 17, 71, 74, and 95 of the sequence, all of which are silent substitutions (Fig. S5) . The deduced amino acid sequences from these DNA sequences matched with AM fungal-specific PT protein sequences with blastx searches against the EMBL/Genbank/DDBJ databases and the top match for all sequences was to a partial PT protein from Rhizophagus irregularis (Accession number AEK70396; percent identity range: 88-93 %, e-value range: 5e-17 -5e-19). Despite the fact that the frequency of detection in the preliminary samples was rather low (only four of the 12 root samples had positive PT amplification), an interesting observation was that all samples where PT genes were detected were from plots that received lime to elevate pH (Fig. S3) .
Time course samples The time course samples were collected at four time points in 2011 from the same 12 forested plots used to collect the preliminary samples, where TSP application and lime application raised P availability and pH, respectively. There were three plots each of elevated pH, elevated P, elevated pH + P, and untreated control. The treatments were initiated in 2009 and the samples were collected in conjunction with the TSP application of 2011 to assay if PT expression was affected by this direct P elevation. Samples of maple roots were sieved in the field to separate roots from bulk soil and roots were uncleaned to retain fungal extraradical hyphae, where PT expression is likely to be higher than in bulk soil. The bulk soil was used for measurements of pH and P i , which indicated that the treatments had significantly raised pH or P i with the addition of lime or TSP, respectively, at the time of sampling (Fig. 1a,b and Tables S2, S3 ).
In the root samples, 10 total transcripts from cDNA and 21 genes from genomic DNA out of 48 total root samples were amplified (Fig. 2) . The expression of PT genes from the 10 positive samples was normalized against 18S expression as a reference gene and correlated with soil P i (r = −0.27, p-value =0.46) and pH (r = −0.22, p-value =0.54). The lack of correlation between PT expression and soil P i or pH is confounded by the overall low detection in the time course samples. However, presence of AM fungi was confirmed in all 48 root samples, where positive reactions were produced with the AMG1F/AM1 primer set both with PCR on genomic DNA and qPCR on cDNA (i.e., RT-qPCR). The positive PCR and qPCR reactions for the AM fungal 18S gene in all 48 of the time course samples indicates that the negative results with the P6RFor/P4R primer set were likely not methodological. This was further confirmed by running extracted nucleic acids through 2 % agarose gels, which showed high molecular weight bands of DNA and bands of 28S and 18S RNA for nearly all samples (Fig. S6) . We also further confirmed the lack of PCR inhibiting substances on the cDNA samples that did not work by spiking those samples with 25 copies/μl of plasmid DNA containing the PT gene as template and completing PCR again on these samples (PCR and thermal cycling conditions for the runs using spiked cDNA as template were identical to the runs using straight cDNA as template). Furthermore, all 38 spiked samples produced a PCR product of the correct size (Fig. S7) indicating the likely absence of inhibitors in these samples.
As with the preliminary samples, the clones of the RTqPCR products from the time course samples aligned with known AM fungal PT sequences with variability at the base positions 17, 71, 74, and 95 (Fig. S5) , which are silent substitutions. The alignment of the cDNA sequences from the time course samples and DNA sequences from the preliminary samples were grouped into OTUs which, when using blastx searches on the deduced amino acid sequences from these sequences, matched to a partial PT protein from Rhizophagus irregularis (Table 1) .
Also similar to the preliminary samples, most of the positive reactions with the time course samples were from elevated pH and elevated pH + P plots, and this was true for both PT genes that were PCR-amplified from genomic DNA (18 of 21 positive reactions) and PT transcripts that were amplified with RT-qPCR from cDNA (eight of 10 positive reactions; Fig. 2) . Therefore, PT transcripts were detected in 33 % of the samples from the six plots that received lime (elevated pH and elevated pH + P treatments), while PT genes were detected in 75 %. To determine if the higher PT detection with pH elevation was due to changes to AM fungal colonization or community structure in response to our treatments, we quantified the copy number and analyzed cDNA sequences of partial 18S genes. However, examination of these partial AM fungal 18S genes indicated no significant difference between treatments in gene expression (Fig. 1c and Table S4 ). When the partial 18S gene sequences were grouped into OTUs, the majority of sequences (83 out of 95) clustered into one OTU. While there were some subtle differences (i.e., one OTU that matched with Gigasporaceae contained two sequences from ambient pH plots only), in general the sequences recovered from both pH treatments show a similar distribution of AM fungal taxa in limed and unlimed plots (Table 2) .
Discussion
In this study, we were able to experimentally explore the relationship between PT gene expression and soil properties under natural field conditions. Previous studies of mycorrhizal PT gene expression have been done exclusively in a laboratory setting, typically with herbaceous plant species (Harrison and van Buuren 1995; Maldonado-Mendoza et al. 2001; Benedetto et al. 2005; Olsson et al. 2006; van Aarle et al. 2007; Tatry et al. 2009 ), while our study is the first to examine PTs under natural conditions and with mature woody plants. Amplicons of genomic DNA (preliminary samples and time course samples) and cDNA (preliminary samples) extracted from tree roots were specific for AM fungal PTs, as all deduced amino acid sequences matched with the highest similarity to the known AM fungal-specific PT proteins with blastx searches, indicating that our technique was specific and successfully amplified this important functional gene. Tables S2, S3 , and S4) Because the P6RFor/P4R primer set may be excluding some species within the Glomeromycota and may be specific only for Glomerales see Sokolski et al. (2011) , the primers may not amplify PT genes or transcripts from all AM fungi. Additionally, PT genes have been isolated only from a few species within the Glomerales (Harrison and van Buuren 1995; Maldonado-Mendoza et al. 2001; Benedetto et al. 2005) , limiting the ability to develop primers to those groups. However, our cloning results (Table 2) and results from previous work in our plots (Kluber et al. 2012) show that the majority of AM fungal sequences from our forests match with taxa within the Glomerales. Consequently, we feel that the primer set we used sufficiently targeted the AM fungal species colonizing tree roots within our study forest and provide us a b c d with an accurate picture of PT genes within this system. It should be noted, that two out of the 95 recovered partial 18S rRNA sequences matched with taxa from the Diversisporales, which may not have been detected by the P6RFor/P4R primer set. However, until full PT gene sequences from more AM fungal species become available, designing primers to amplify all AM fungal species will remain difficult. Our study was designed to determine if raising the availability of soil P i in a deciduous forest affected PT expression of mature trees in the short term (i.e., up to 28 days post-TSP application). Contrary to laboratory studies, which have shown an up-regulation of PT expression in extraradical hyphae in conditions of lower P i concentration (MaldonadoMendoza et al. 2001; Benedetto et al. 2005; Olsson et al. 2006) , we found no direct correlation between gene expression and soil P i concentration. However, our samples did not separate intraradical from extraradical hyphae of AM fungi present in the roots. Intraradical hyphae have been shown to be unaffected by external P i concentration in laboratory settings (Benedetto et al. 2005) , which may explain the lack of response to our treatments. It should also be noted that in previous laboratory studies, P i concentrations have been experimentally manipulated to examine expression across a much larger range of P i values than could be achieved under field conditions, and our lower P i concentration may not have been sufficient to induce measurable changes in gene expression in mature tree roots. For example, although we raised P i levels three times higher than ambient soil condition, previous laboratory studies often increase P i 100 to 1000 times above ambient concentration (Maldonado-Mendoza et al. 2001; Benedetto et al. 2005; Olsson et al. 2006) , something not possible under field conditions. These differences could partly explain our inability to observe a direct correlation between soil P i and PT expression as compared to previous laboratory studies. In root organ cultures, however, induction of PT genes was not only dependent on external (i.e., environmental) P i content, but also the P i content of the mycorrhizal roots. For example, Maldonado-Mendoza et al. (2001) found that induction of PT genes was lower in roots that contained sufficient amounts of phosphate compared to roots with lower phosphate. Because our roots were homogenized in the field prior to freezing, our study design does not allow separation of rhizosphere soil and root P i content. But, sufficient P i content in the maple roots regardless of soil treatment is another potential explanation for the lack of a relationship between P application to our field sites and PT gene expression.
Our conclusions regarding PT expression overall are limited by the low detection in our samples (only 21 % of all cDNA samples had detectable PT transcripts with RT-qPCR); thus making it difficult to draw definite conclusions regarding their regulation in our plots as affected by changing soil P i or pH. All 48 root samples did have a positive detection of AM fungal transcripts with the AMG1F/AM1 primer set, indicating that AM fungi were present and active in every sample. While no difference in 18S rRNA gene expression was found between treatments, the low detection of PT genes compared to 18S genes may be because PT genes are likely in low copy number within AM fungal cells compared to rDNA. For example, a search of the 25,906 contigs generated from the Rhizophagus irregularis transcriptome (Tisserant et al. 2012) found only eight matches to PT transcripts, while 18S genes are found in much higher copy numbers. This difference in abundance would make it easier to amplify 18S genes as compared to the PT functional gene that is in low abundance. Differences in target gene abundance could also explain the discrepancy between RT-qPCR results targeting 18S genes and PCR results targeting PT genes; despite finding active AM fungi in all samples using RT-qPCR, we could not detect PT genes in all samples using PCR when DNA was targeted. Active cells contain abundant 18S rRNA, which is often used as a target for molecular studies employing methods such as fluorescent in situ hybridization (FISH) for that reason (Amann 2000) . PT genes, on the contrary, would be in low abundance within the cells, and if biomass of the target fungi are low, PT gene abundance may be below the threshold of abundance sufficient for PCR amplification. Because the current study analyzed 18S rRNA gene expression, AM fungal biomass can not be quantified. However, previous work in this forest has found that AM fungal biomass is significantly lower in rhizosphere soil from plots at the ambient, more acidic pH (Carrino-Kyker et al. 2016) . Therefore, we suggest that higher AM biomass in the elevated pH and elevated pH + P plots is a plausible explanation for the greater level of PT gene detection that was also observed within these plots.
An alternative explanation for the difference in detection between elevated and ambient pH plots is that soil pH may have a direct effect on PT gene expression. External pH changes are known to alter gene expression in plants, particularly genes involved in modifying the root cell walls (Lager et al. 2010) or the transport of proteins (Liang et al. 2013) to aid survival and function in acidic, P-limited soil conditions. There is evidence to suggest that AM fungal-specific PTs are P i :H + symporters (Harrison and van Buuren 1995; Plassard and Dell 2010) and are, therefore, reliant upon the membrane potential and H + concentration gradient for their function at the cellular level (Karandashov and Bucher 2005) . Soil pH is known to influence the membrane potential and H + gradient of cells (Booth 1985) , and could also affect the efficiency of AM fungal-specific PTs (Plassard and Dell 2010) . The most direct examination of external pH on PT function was done using yeast expression vectors transformed with PT transcripts from the ectomycorrhizal fungal species H. cylindrosporum where changing media pH in increments of one pH unit from 4.5 to 7.5 reduced the 33 PO 4 uptake mediated by PTs (Tatry et al. 2009) . If the AM fungi in our study behaved similarly to H. cylindrosporum, it is plausible that the higher detection of PT transcripts at higher soil pH is a result of reduced P i uptake to the plant across a pH range similar to that examined by Tatry et al. (2009) . However, further experimentation is needed to fully understand how external pH affects mycorrhizal PT gene expression. Despite the low overall detection of PT expression in our study, the finding of higher PT gene detection under elevated pH raises interesting questions about the role of soil pH on PT function.
Given that many temperate forests in the Eastern United States experience the chronic effects of acid deposition (Likens et al. 1996) , which lowers soil pH to levels that can inhibit available P (Fiorentino et al. 2003) , studies investigating soil pH and PT function could further our mechanistic understanding of how forests respond to acid rain induced P limitation. We propose that soil pH should be examined as a potential external factor influencing the regulation of AM fungal-specific PTs. Though the DNA-based methods and primers described here may not include the full diversity of AM fungal species in all natural environments, we contend that they are suited for controlled studies where taxa within the Glomerales dominate root systems. Additional work is also needed to experimentally investigate the effect of soil pH on PT gene expression and effects on plant P uptake.
